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TH8w~ofPieTpOint1ontobaccoleafand~~etal.2onsweetpotatoesmavbetafcnn 
as representative of experiments to examine the capacity for oxidative phosphorylation of 
mitochondrial preparations from plant source& Maximum P:O ratios obtained by Pier- 
po~~fortheoverallreactionswithvariouclKrebs’cyclesu~~weteabouthalftheassumed 
theoretical val~es,~ and ranged from 1.3 for succinate as substrate to 2-l for isocitrate. 
Hackett obtained appreciably higher values. Lieberman4showed that cytoplasmic particles 
pmpared from apple pulp by his s extraction methods effect oxidative phosphorylation 
with a-oxoglutarate and succinate as substrate. His P: 0 ratios were, however, low; for the 
overall reactions with c+oxoglutarate the value was O-9, and for the single step with this acid 
(i.e. in presence of malonate) the value was l-3. 

Respiratory control (by ADP) has been fairiy extensively studied in animal mitochondria 
(e.g. Chance and Williams3, but 3onner and Voss6 were the first to show that plant mito- 
chondria may exhiti the phenomenon of respiratory control wit& in some c-asq practically 
no 02~uptake in the presence of substrate in the absence of ADP. Although the work of 
Ho& and Lipmanq7 Chance and Williams> and Baltscheffskya on respiratory control and 
oxidative phosphorylation in mitochondria from animal sources indicates that the two 
phenomena are not dy diiTerent aspects of a single sysm it is clear that both are 
intimately concerned in the provision of energy, through the high energy phosphate bond, 
bytherespiratory-. 

Dalgamo and Birtg have recently shown that f&e fatty acids can act as uncouplers of 
oxidation and phosphorylation. In mitochondria from carrots, this uncoupling can be 
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reduced by bovine plasma albumin. It has long been known that plasma albumin has the 
capacity to bind free fatty acids and Goodman lo has recently made a careful study of this 
problem in relation to long-chain fatty acids. The object of the present work was to investigate 
phosphorylation by apple mitochondria at two stages of storage and to seek evidence for 
respiratory control. 

RESULTS 
&Wa%ivfr P~os~~~~~t~on 

Pierpoint 1 in his work on phosphorylation used as co-factors a mixture of ATP, NAD, 
thiamine pyrophosphate and CoA. Since for various reasons we wished to carry out extensive 
experiments on phosphor-y&ion by apple mitochondria it was worth investigating, on the 

grounds of economy, the effect of re&t&q this mixture (MXJ by concentrated yeast extract 
(Y) which should contaiu all the ingredients of this mixture and possibly other factors in 
addition. The results given in Tables 1 and 3 show that, although both Os-uptake and PI- 
uptake are generally somewbat higher witb yeast ~n~ntm~, the P : 0 ratios show no detluite 

trend towards e&her supplement. Pii 1 illustrates the progress with time of Oa-uptake 
and P,-uptake with peel mitochondria prepared with 4% PVP in the extraction medium 
using succinate as substrate; Table 2 shows the P: 0 ratios for tbree preparations (preparation 
1,4x PVP; preparation 2,4x PVP; preparation 3, no PVP in extraction mediums witb 

10 D. S. ii&xma~*J. Am. Ckm. .Suc. SO, 3892 (1958). 
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suwinate as substrate. The almost complete lack of phosphoqdation by mitochondria pre- 
pared without the incorporation of PVP in the extra&ion medium (Huhne and Jones ‘3, even 
when some oxidation was taking place, is evident from Table 2. The P:O ratios obtained 
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with various Krebs’ cycle acids are shown in Table 3. Most of the results are for peel mito- 
chondria but the two results available for a pulp preparation made Erom Series A fruit 
stored for one month longer than the results for peel slww that these mitochondria also 6x 
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phospbate. The data given in Table 4 show that at relatively high concentrations dinitro- 
phenol (DNP) inhibits completely both oxidation and phosphorylation, but at lower con- 
centratious (1 x le and 5 x 105 M) it unsouples ~ospho~~~~ from Ozruptake. 
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Respkatory cmtr01 

The ideal methd for investigating “respiratory control” is with the oxygen eMrode 
whioh has high sensititity and quick response (Banner and Voss6). N-, Haokett 
et al.* have demonstrated some measure of respiratory control by ADP of the activity of 
mitochondria from the sweet potato using the Warburg respirometer technique. Since an 
oxygen electrode was not available, all our measurements of 0~uptake were made in a War- 
burg respirometer. The results obtained with stored apples in good condition (i.e. picked in 
the pm-climacteric state and stored in air for three months at 3” C, Series A) indicate, that 

I 

with NADH as substrate, the mitochondria pmpared from the peel showed an increased 
0~uptake when ADP was added, and this stimulation deueased fairly rapidly (Pig. 2). This 
was also true to a more hmited extent with a-oxogltuarate as substrate. With both substrates 
the rate of respiration without addition of ADP slowly increases to an approximately constant 
rate. The simplest explanation of this fact is that the mitochondria contain some ADP and 
some ATPaae which gives a slow, steady regeneration of the ADP. As time proceeds the 
mitochondria “age” and this ATPase activity may be increasing (Stumpfla>. Assuming an 
actual P : 0 ratio for a-oxoglutarate of 2.4 (see Table 3) 10 -1 of ADP would require only 
4-5 p atoms, or approximately 55 4 of 02, for its complete utiliration. This should have 
occur& about 2 hr after the addition of ADP (Pig. 2, o”pxoglutarate). Clearly there must 
have been some regeneration of ADP. The mueased Oruptake iu the absence of ADP 
shown in Pig. 3 for mitochondria from the more senescent fruit of Series B would, on this 

‘2 P. K. f+rv~~~, ChatiPuthwuys of Mbtaboiisssr, Vol. 1, p. 67, Acadsmic I’mis, New York (1954). 



argument, appear to be due to a& inixeased activity of A’IRwe. In thereisso~iag 
in the mponsa to added ADP as mentioti by 3ozmer and VOSS,~ It is, no doubt, not well 
marked here because of the drably longer ~~~ ~~~ 

‘l-be pnscnt consensus of op4nioa (SX Klingenberg and BUchcr’s) is that the pr&rred 
method of calcula* the respiratory control ratio (RC. ratio) is to divide the maximum 
rafeofo~-uptskcin.~ofaddad~Pbytlwratew~~theADPhasbeglusedup. 
Thiaasethodcannolbe:usc3dhera~y~~oftheslow~~aseoftlreW~b~techniqulr: 
bat~y,wesuggest,baoauatofthe~ofA~inour~tio~ Thatres- 
piratory control is present is quite clear from the x-es&s with NADH as substrate with the 



It should be remembered (see Experimental section, “ Respiratory Control”) that phos- 
phorylation with mitochondria from these fruits was measured at the same time as “respi- 
ratory control”, i.e. in the Warburg flasks; glucose, hexokinase and sodium fluoride (NaF) 

Time, hr 

ware absent and yeast extract was replaced by IUD alone. The only phosph& acceptor 
present was ADP, so that in tl~ presence of active ATPase, measured P:O ratios would be 
expected to be low owing to the regeneration of PF The influence of boviue plasma albumin 
will be discussed below. 

The o&r&P: 0 ratios tirn the senescent fruit (Series B) are very much lower than those 
for the less senescent fruit (Series A). The corresponding average values at 60 min for peel 
with ~~xoglutarate as substrate are 2.32 and O-66, and for pulp 140 and 052 (from Tables 3 
and 5). In spite of the reservations mentioned above it is very probable that the try P:O 
ratios for fruit of series B are considerably lower than those for f?uit of Series A. Support 
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for this argument comes from the results shown in Fig. 4 (Curve 2) for peel, where NaF is 
present thIklghout the experiment to mink&e ATPase activity; the P:O ratio here, with 
c+oxo@tarate, was 125. Again, where glucose and hexokinase were present in su&icnt 

quantity to “swamp” ATPasc activity and provide phosphate acceptor (Curve 4) the P: 0 
ratiowasstillonlyl-15. Thedatafor“~ratorycontrol”asdefinedaboveara~ownin 
Table 6. Neglecting for the moment the effect of the addition of bovine plasma albumin 
during the preparation of the mitochondria, it is evident that the R.C. ratios are very much 
lower for the more senescent fruit. 

BaltscheE3ky* suggests for animal mitochondria that, in a medium free from Mgw, the 
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&ttefromtbe&streadhg+ Th.isbypothesisissupportedbytbeverylowmteofmpjratjon, 
tbeklokdr-e&Wxy~trolamftbevirtuafa~ceof phoephoryfa;tioa(P:oratio~Wl). 

Fe to oonskier the effect of adding oxystailine bovine piesma album&t (see 8$x@- 
mental section) to tbe extraction medium when preparing ~~~~ fi-om tbar f&t of 
Sefiee 3.. Tbc average Et:0 ratios (both w&b and w%bout ADP) minus @bumin axe 031 



I)ISCUSSION 

At least the m&r part of the respimtory q-uptslk& and COeutput of fruits must arise 
from~metabolism0fo~cacidsthronghtheaction0fths~~cycattnymesloeatbd 
~~e~~~~ Ithasbeensuggtstad~ulmtetal.1$)thatthe.climataricrietinc;Or 
output, ace0mpanied by a smaller rise in O+ptake, may be due to ths opsration of mali0 
~c~d~~~~~~. ~~~~f0r~e~~of~~~ 
we~~o~~~~~~~~e~~~. Tbcenergyforthcsyuth0sis0f 
this~~~ybs~~~~bythe~energyphosphattcompo~dATp. Msrelytomoasure 
rcqiration in terms of O+~ptake or, and this is technically simpler to a&ieve, of aerobic 
producti0n of CO% g&s little insight into the euergetics of the pr0cess. If the respiratiort is 
not coupled to ~sph~~~on (i.e. if ATP is not prodmzed during the process) the energy 
yield will be low, and for any given rate of respiration the development of &u&ally useful 
energycanvary~~~~~~~~ontfredtgraeof~~~~ Thereiqinfact, 
a tendency for the respiration rate to rise when the respiration becomes uncoupled &0rn 
phospbats uptake. It is important, ware, when studying pcri0ds af physiological cbangs, 
such as ~~MMMUX, to find out how Caasely respiration is geared to ph0sphorylation. Owing to 
the~rnp~~ofthetotal~~~ofa~~itia~pl~to ~yo~ti~p~s~o~l- 
ation at its s0m namely the ~t~0~ As indicated by ths work of CIZhmm md 
Williamqf H0ck and Lipmann’ and 0tbers for animal mito&mdria the P:O ratio is itself 
not a vary sensitive measure of the tightness of ooppling betwesn respiration and phosph0ryla 
ation. R~~~~~lbyADPisa~measureofthtdbgnoofoa~~. Thepresent 
~~show~tinfiuit~~A),which~~over~yyc#ussugeestsfnotpastther 
climacteric peak in req.&&ion, the P:O ratios for the mit0ch0ndri0 isolated PFom them are 
neartothc~vshiesforthc~~~of~~‘cqrokr~~espar‘liallyforthe”~u 
stage’$ oxidati0n of a-oxoglutarate in presence ofmal0nat0. Tbeyareashighasth0sefor 
mit0cb0ndria from other plant sources (e.g. Hackett ef a1.2). In the mu& more -t 
flit (Se&sB),the P:Oratios ofthe mit0&0ndriaprepamdfr0mthemareverymuchl0wer, 
although the Os-uw itself is not greatly reduced. This sugg0sts that at this later stage in 
senescemx, oxldati0n has to a considerable exteut become un00upled from ~~~~tion. 

The results$ esp&ahy th0se with NADH as substrate* provide evidsn0e of respiratory 
coU~lin~~O~~p~tiionsfro~tbe~ingood~~tiO~(series~). Thevt&W+ 
forthcR.C.ratio,,ealcnlatedbythcru~~method~hera,for~~~u~~andNADW 
as ~ubmes are 5.8 and 16-4 respectively. Cakulated by the conventional method us& for 
animal mit0cbondria (Os-uptake immediataly on addition of ADP divided by the lowest rate 
~~su~~~),~e~ueo~~for~~u~~wo~~2~S~df~N~H3~1 
(Pii 2). The R.C. values for the morp, mt fruit are very much 10wcr. Although this may 
~dueiaparttofhca~tincreariedA~~activityintheslit~~~~~m 
thiar~thetesul.tslsupportthtsuggtsti0nthatcoupfingbetwewu~tionaadphospho~~- 
~on~rn~~~t~~erno~~ tfruitof~Bttraainthefnritof~~A.Itis 
possibk~attbernitacbondria~f~m~~~~~t~tha~~~s~ 
damaga; we have as ycrt no eklectnnt. micrographs of the mitoch0ndria from this tissue corn- 
parable with th0se from less senescsnt tissue.15 
14 A. c. Hm J. D. JONES and L. S. C. Wam% Pmt. &.I’. t&w. B. ISa, 514 (1963). 
15 A. C. I3xnem, J. D. JONBS and t. S. c. w~=4U’ON, PRgtoeknn. b 173 (I%‘% 
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A pt-&&ary attempt has been made to see whether the uucoupliug of oxidation and 
phosphorylation WJ be attributed to the action of free fatty acids, as suggested by E%Qarno 
and B&t9 for mitochondria from carrots (see also Klingenberg and Bfichert3). Meighr6 has 
shown that an appreciabk part of the wax of the cuticle and epidermis of stored apples con- 
sists of@& and C1s fatty acids, although the degree of caption in viva is not know% It is 
possible; the&ore, that fatty acids in the tissue itself could be liberated during the preparation 
of the mkochondria and could become involved in such an uncoupling process. The data here 
obtained is inconclusive since the addition of bovine plasma albumin to absorb fatty acids 
durin@ the preparation of the mitochondria, has only a marginal eflkct on P:O and R.C. 
ratios. The negligible effect of the addition of albumin to peel tissue may be because the 
amounts of fatty acids present in this tissue are too great to be absorbed by the amount of 
albuminused. The results are sufbciently eucouragiug to warrant a more thorough investiga- 
tion of the problem, including measurement of changes in lipase activity and free fatty acids 
during the B of apple fruits. 

EXPERIMENTAL 

~theappleg~wereofthe~s~pippinvarietypickadatEhestagGnormalfor 
long storage, i.e. mature but just before the onset of the respiration ciimacteric (see Huhne 
et d13. Series A f&it was from 50 trees grown on Ma&~ IX rootstocks in a grasseddown 
orchard and stored at 3” for 3 months in air. Series B fruit was from a good commercial 
orchard stored in controlled atmosphere storage (O-5 % Co,, 25 % 02) at 3” for 8-& months. 
Experieme has shown that there is ~ to be any fade difference in the original 
fnrit of the two series of samples. 

peef~uew~preparedasprevio~yd~~(Hnfmeetal~1~and~~wasitaken, 
in strips as for the peel, from throughout the cortex of the fruit. All these manipulations were 
done in a room at 1”. 

Preparation of Mttdia 

ForSeriesA&uit,themitocho&ialfisctiaa wasprepamdexactiyas des&bedbyHuhne 
et az.,‘s using O~‘?ZL4~0 % ~l~ylp~~done (P.V.P.) in the extraction medium. 

Later experiments showed that both citrate and ~0~~~ can be omitted without in- 
&tencing the activity of the &al preparation. These two ingredients were, therefoiq omitted 
from the extraction medium when preparing the mitochondria of Series B fruit. Since the 
mitochondria of this latter series were less active, 50 g (instead of 25 s) was used in pmparing 
the peel mitochondria and 100 g when pnqaring the pulp mitochondria. The standard ratio 
(Huhne et d13 of the weight of tissue to the volume of extraction medium was maintained 
throughout. Sincethu:presentpaperisonlycon~withP:Orati~~d~~~rycontrol 
(R.C.) this di&ence in “concentration” of mitochondrial suspension is uuimportant. 

In some experiments in Series B (see Rest&s section) bovine plasma albumin was incor- 
porated in the extracltion medium. When this was done, 05% (w/v) of the albumin was 
dissolved in the extraction medium inlay before use. In these cases ~e~~~ 
to wash the mitochondria contamed O-2% (w/v) albumin, and 11 mg albumin per 5 ml was 
incorporated in the final suspending medimn 

16 D. F. Ivfm~, J. .&A Food A@. (ii press). 
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PhOSphOrJ&dO?l 

Uptake of inorganic phosphate was measured by estimating the disappearance of ortho- 
phosphate in Warburg manometric flasks using essentially the technique of Pierpoint,’ but 
employing the colorhnetrk method of Allen *’ for the determination of phosphate. 

The contents of the Warburg flasks were as follows : Sucrose, 400 pmol; phosphate but&r 
(pH 7.5), 7.5 to 12-5 pm01 depending on period of phosphorylation, substrate and activity 
of the mitochondrial preparations; MgS04, 10 pmol; MnSO.,, O-1 pmol; cytochrome C, 
O-018 pmol; glucose, 10 pmol; hexokinase, 1 mg; yeast concentrate 1 mg (in some experiments 
this was replaced by the following mixture dissolved in 0.1 ml water; ATP, 2-O pmol; NAD, 
0.2 ~01; thiamine pyrophosphate, O-2 pmol; CoA, O-025 ~01); sodium fluoride 15 pmol; 
crystalline bovine plasma albumin, 3 mg; acid substrate, 40 ~01; mitochondrial suspension 
05-1-0 ml. When a “one step” oxidation of a-oxoglutarate was studied, 40~1 of malonate 
was also added to the contents of the flask which were always made to a final volume of 2 ml 
with water. 

The tlasks were equilibrated in the Warburg bath (at 25”) for 5 min before the manometer 
taps were closed. A further equilibration period of 10 min was allowed before the fnst two 
flasks (replicates) were taken for the de&m&ration of “initial” orthophosphate content (P,). 
This overall equilibration period of 15 min before the initial P, content was measured was 
found to be essential for consistent results. Two more flasks were taken for the determination 
of P, (Oa-uptake now measnred~~15min)fromtimetotime~~~intbetablesin 
the Results section. To measure Pruptake, 1 ml of liquid was removed from the Warburg 
fiaslcs and added immediately to 1 ml of ice cold 5 % (w/v) trichloracetic acid in a test tube 
immersed in an ice bath. After mixing and allowing to stand for 10 min, the tubes were 
centrifuged for 10 min at 1500 g. One ml of the supematant solution was then added to 4 ml 
of ice cold 0.1 M sodium acetate solution and an aliquot portion taken for the determination 
of phosphorus by Allen’s l’ method. Standard orthophosphate solutions were incorporated 
in each set of de&mutations. 

Rapiratory Co?ltrol 

Respiratory control was measured by comparing the Oa-uptake with and without the 
addition of ADP (see Results section, p. 204). The basic digest in the Warburg 5ks for the 
experiments with mitochondria from apples of Series A was as follows: Sucrose, 400 pmol; 
KCl, 20 pmol; MgQ, 10 -01; substrate, 20 -01; crystalline bovine plasma albumin, 
3 mg; phosphate buffer (PH 74) 25 pmol; mitochondrial suspension, O-5 ml (equivalent to 
l-8 g tissue). ADP (varying amounts up to 10 -l-see Results section) dissolved in O-2 ml 
water was placed in each of the side arms of the 5ks and added as indicated. The “control” 
~had0.2mlwaterinthedde~tobetip~inatthesametime~~theP. Thefinal 
volume was made to 2 ml with water. 

Thesamemethodwa9~forthemitochondriaof~Bfruitexceptthat,sinceinsome 
experiments P: 0 ratios were measured directly on replicate samples as used in the respiratory 
control meas urements, O-5 pm01 of NAD was also added to the contents of all the flasks. 
With both pulp and peel mitochondria, 1-O ml of the suspension was used representing 9.1 g 
of pulp tissue and 4.55 g of peel tissue. 

17 R. J. L. Au.w, Biockm. J. 34,858 (Iwo). 
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A ] l t h e ~ u m d w ~ t h o s a m c a s l i s ~ i n p a p u r  ! o f t h e / m ~ t s ~ d e s .  ~s Glucose 
was , ~ l a r  srade. Two s o u r ~  of h ~ o k i n ~  w ~  used, Sisma Ch~nical Co. type lI, 
and Boehrinpr u. Soehne--crystalline analytical grade. Twice glass-dJstifi~ water was t~ed 
throughout. 

Ac~ow~8~.~.t~-Care~ technical ~.an~ wu ~ by Mr. Peter ~hrk~ and Mr. Barry Humphrey. 


